A fter myocardial infarction (MI), the surviving myocardium undergoes a complex cascade of changes as a part of the cardiac adaptation to the sudden loss of viable myocardium. Lack of successful compensation may ultimately lead to congestive heart failure.
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Cardiac function subsequent to MI might vary considerably even if the scar size is similar, 1 and the workload varies regionally across the noninfarcted myocardium. 2 Detailed understanding of the regional mechanical response to MI with variable sizes is currently incomplete. Particularly, the functional implications in regions remote to the infarct remain unclear; studies have reported both preserved [3] [4] [5] and reduced [6] [7] [8] strain after MI in remote regions. Several issues might be responsible for this apparent discrepancy, including differences in disease severity, methodology, time of investigation, and dissimilarities between species. 6 Moreover, direct comparison of myocardial strain as a measure of myocardial function is challenging because it does not account for differences in loading conditions. 9, 10 The post-MI rat is a well-established model of post-MI remodeling and exhibits both nonfailing and failing phenotypes. 11 Magnetic resonance imaging (MRI) is emerging as a technique allowing robust assessment of in vivo regional myocardial function, and it has also recently been demonstrated that phase-contrast MRI (PC-MRI) allows examination of regional alterations in myocardial function in small animals with very high resolution, 12, 13 including the possibility to account for loading conditions and obtain in vivo regional myocardial work. 2 In the present study, we sought to investigate regional strain and work in post-MI rats with different degree of heart failure and aimed this way to elucidate the apparent discord in the literature on regional function after MI. We hypothesized (1) that the failing and nonfailing groups exhibit different distribution of regional strain and work, and (2) that analysis of work offers added value over strain alone.
Methods

Animal Preparation
Male Wistar-Hannover rats (≈300 g) were anesthetized (64% N 2 O, 32% O 2 , and 4% isoflurane) and ventilated by endotracheal intubation using a Zoovent ventilator. In 62 of the rats, left ventricular (LV) MI was induced by proximal ligation of the left coronary artery during maintained anesthesia (66% N 2 O, 32% O 2 , and 1.5-2.5% isoflurane). The placement of the ligation was deliberately varied to achieve variable infarct sizes. Fourteen rats underwent the same procedure except ligation to serve as sham-operated controls. All experimental protocols were approved by the Norwegian National Animal Research Authority and performed in accordance with the European Directive 2010/63/EU and institutional guidelines (ID 3284).
Pursuing the goal of reducing number of animals used in experimental research, 14 cine MRI data (infarct size, volumes, and ejection fraction), pressure data (peak and end-diastolic LV pressures [LVPs]), heart rate, and heart, lung, and body weight from a subset of the animals included here have also been reported previously.
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Magnetic Resonance Imaging
Six weeks after operation, MRI experiments were performed on a 9.4-T magnetic resonance system (Agilent Technologies, Inc) using hardware dedicated to rat cardiac imaging. 13 Anesthesia was induced in a chamber using a mixture of O 2 and 4.0% isoflurane and maintained during acquisition in freely breathing animals using O 2 and ≈1.5% isoflurane. Throughout the examination, ECG, respiration, and body temperature were monitored continuously, the latter maintained at 37.0°C by heated air. LV short-axis imaging planes were identified from untriggered scout images, and all subsequent acquisitions triggered at the peak of the R wave and gated for respiratory motion. In all data sets, the temporal resolution was equal to the repetition time.
Cine MRI
A stack of short-axis cine MRI slices covering the entire LV was acquired using an RF-spoiled gradient echo sequence. Imaging parameters were echo time=1.97 ms, repetition time=2.80 ms, field of view=45×45 mm, matrix=192×192 after 2× zero filling, slice thickness=1.5 mm, average number of slices per heart=10; flip angle 15°, signal averaging=3×, acquisition time for a complete stack ≈20 minutes.
Also, a single oblique slice showing the mitral and aortic valve was acquired, with a temporal coverage of >100% of the R-R interval. Imaging parameters were echo time=2.04 ms, repetition time=2.96 ms, field of view=50×50 mm, matrix=128×128, slice thickness=2.0 mm, flip angle=15°, signal averaging=3×, acquisition time=2 to 3 minutes.
Phase-Contrast MRI
PC-MRI used an RF-spoiled black blood gradient echo cine sequence using 9-point velocity-encoding and rotating field of view. 13, 16, 17 Three short-axis slices were positioned +3, 0, and −3 mm from the longaxis midpoint of the LV (labeled apical, midventricular, and basal slices; Figure 1A ). All three slices were parallel and shared a common center normal. The PC-MRI time series also covered >100% of the R-R interval. Imaging parameters were echo time=2.22 to 2.26 ms, repetition time=2.93 to 3.21 ms, field of view=50×50 mm, matrix=128×128, slice thickness=1.5 mm, flip angle=7°, velocity encoding strength=13.9 cm/s, signal averaging=2× using rotating field of view, 13 total acquisition time=45 to 50 minutes.
LVP Measurements
Forty-eight hours after MRI, the rats were anesthetized (using the same setup and settings as during MRI examination) and catheterized using a micromanometer-tipped catheter (Samba Systems, Sweden) inserted retrogradely via the right common carotid artery into the LV cavity. Maximum and end-diastolic LVPs were measured, labeled LVP max and LVP ED , respectively. LVP ED was measured immediately before the steep rise in the pressure curves caused by systolic contraction. After removing the catheter, the heart was excised in deep surgical anesthesia. The hearts and lungs were weighed in 64 rats. The rats were stratified according to a previously established threshold based on LVP ED . 11, 15 In brief, these studies demonstrated that a threshold of LVP ED =15 mm Hg successfully differentiated between post-MI rats with and without characteristics of congestive heart failure. Accordingly, we classified rats with LVP ED ≥15 mm Hg as failing (MI CHF ) and rats with LVP ED <15 mm Hg as nonfailing (MI NF ). LVP curves for all animals were generated by temporally matching the group-specific standard curves to the LV valvular events and scaling to LVP max and LVP ED.
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Standard Pressure Curve Generation
In 17 rats (sham/MI NF /MI CHF =5/7/5), LVP curves for the entire cardiac cycle were recorded concurrently with measurement of mitral and aortic valve flow by Doppler echocardiography using a Vevo 2100 ultrasound scanner (FUJIFILM VisualSonics Inc, Canada). This allowed determination of the timing of opening and closing of the mitral and aortic valves in relation to the LVP curve waveform. Three standard LVP curves were generated from the pressure measurements, one for each group, by normalizing to peak pressure and temporal matching to the valvular events.
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MRI Post-Processing
End diastolic and end systolic ventricular volumes were measured by segmenting end-systolic and end-diastolic cine MRI slices and adding the contributions of each slice. Stroke volume, cardiac output, and ejection fraction were calculated. Infarct size was measured by demarking regions of akinesia, lacking radial thickening in end systole. 18 From the valve cine loop, timing of aortic and mitral valve opening and closure relative to the R peak was determined.
Calculation of Myocardial Strain
In each PC-MRI slice, the myocardium was segmented using a semiautomatic method previously described. 19 In brief, this requires the user to delineate the endo-and epicardium at end systole and end diastole, before the masks were automatically propagated throughout the cardiac cycle based on the underlying velocity information. 19 The myocardial masks were then divided into 32 equal sectors. 16 In each MI heart, the noninfarcted myocardium was divided into 6 regions of equal size which were pairwise pooled to form the remote zone (RZ), medial zone (MZ), and adjacent zone (AZ; Figure 1B ), serving as the basis for comparison of regional features. For each of the 3 slices, a set of zones were generated for the sham hearts, based on the average position of the 3 zones from the infarcted hearts. The only exception from this was when the sum of work done per zone was compared, where 2 different sets of sham zones were used to match the different sizes of the MI NF and MI CHF zones. This allowed comparison of the total work done per zone.
In each slice, time-resolved regional wall thickness and regional short-axis radius of curvature (ROC) were automatically calculated as previously described from the PC-MRI segmentation masks ( Figure 1D ).
To assess variability of the curvature measurement, a second observer redid the ROC measurement in 12 animals (n=4/4/4 for sham/MI NF / MI CHF ). Interobserver variability was evaluated in the 3 zones using Bland-Altman limits of agreement. Three-dimensional myocardial velocity vectors were reconstructed from the PC-MRI data in each pixel. 13 Because the acquisition covered >100% of the cycle, the heart rate could be determined from the velocity waveforms. Three-dimensional pixelwise myocardial motion paths were constructed using temporal integration of the 3-dimensional velocities, 20, 21 and circumferential strain was calculated in each sector. 13 This was done by calculating the average displacement of all pixels contained in each sector and using the relative displacement of the center of mass in neighboring sector pairs to calculate strain between each pair. Similarly, sectorwise longitudinal strain was calculated using the motion paths from the basal and apical slices. Finally, regional area strain (S) was calculated from circumferential and longitudinal strain as follows, 10 where S C is circumferential strain and S L is longitudinal strain: Regional Dysfunction After Myocardial Infarction
Moreover, the correlation between the regional and global S waveforms served as a measure of regional coherence. 22 All post-processing was done with the operator blinded to animal group.
Calculation of Myocardial Work and Stress
Regional myocardial work was calculated as previously described. 2, 10 In brief, this involved multiplication of LVP, ROC, and the temporal derivative of S to get instantaneous myocardial power per unit surface area, whose temporal integral yielded work per unit surface area (note that in this context, area refers to the inner wall of the myocardium, ie, not cross-sectional area). Work per unit long-axis length was found by multiplying work per unit surface area with the circumferential length of the sector, and work per mass was found by dividing work per unit surface area by regional wall thickness and using a conversion factor of 1.05 g/cm 3 . The concept of wasted work quantifies to what degree positive work is lost because of stretching of the myocardium in systole. 23 Systolic negative work per unit length was found by integrating only positive-valued strain rates (ie, stretching) from mitral valve closure to aortic valve closure. Wasted work was found as the ratio of the total negative and positive work over the entire viable myocardium. 23 Regional wall stress was estimated by multiplying LVP and regional ROC and dividing by regional wall thickness. For comparison of regional parameters in each of the 3 zones, data from the individual zones in all slices were pooled and averaged weighted by the estimated wall volume (estimated as circumferential length multiplied by wall thickness).
To assess the impact of the usage of group-specific standard pressure curves, we performed a supplementary calculation using a group-unspecific standard pressure curve. The details are given in the Data Supplement.
Statistics
All analysis was done using Matlab (The MathWorks) applying the 2-sided Mann-Whitney U test or Kruskall-Wallis nonparametric test with Dunn-Sidak post hoc test. The Spearman rank correlation coefficient was used in the calculation of regional coherence. 22 Interobserver variability was evaluated using Bland-Altman limits of agreement. Statistical significance was inferred for P <0.05. All parameters are reported with mean and SE.
Results
Animal Data and Global MRI Parameters
Twenty-eight MI rats had LVP ED ≥15 mm Hg and were placed in the MI CHF group, whereas the remaining 34 MI rats were placed in the MI NF group ( Table 1) . As expected, the MI CHF hearts exhibited increased heart and lung weight compared with sham and MI NF .
The mean infarct was 73% larger in the MI CHF group than in the MI NF group (Table 2) , but with substantial overlap (range MI NF : 1.6%-39.0%, MI CHF : 27.3%-51.5%). Compared with sham, the MI NF hearts had increased LV volumes and reduced ejection fraction, but preserved cardiac output. The MI CHF hearts had higher ventricular volumes compared with both sham and MI NF , as well as reduced heart rate and ejection fraction. Cardiac output was lower in MI CHF than in MI NF .
Distribution of Regional Myocardial Strain
Strain curves from representative animals are found in Figure 2 . Peak strain varied regionally in all groups, including sham ( Figure 3 ). Remote to the infarct, MI NF exhibited preserved strain compared with sham, whereas longitudinal and area strains were reduced in the MI CHF group compared with both sham and MI NF . Adjacent to the infarct, all strain components were reduced in both MI groups compared with sham. Lower area strain coherence signified lack of uniform contraction in both MI groups, more pronounced in MI CHF than in MI NF , which worsened toward the infarct.
Regional Redistribution of Myocardial Work and Stress
To investigate the association between regional strain and myocardial work in post-MI rats, we next calculated regional work, including negative work, in the same regions as the strain calculations. Wall stress-strain loops from representative animals, whose area represent work per unit volume, are shown in Figure 2 . The results from the work analysis are shown in Figure 4 . Interobserver limits of agreement of ROC between the 2 observers were −0.2±1.3 mm (RZ), −0.2±1.5 mm (MZ), and −0.2±1.0 mm (AZ). Across these 12 animals, mean ROCs were 7.3 mm (RZ), 7.5 mm (MZ), and 7.1 mm (AZ).
Notably, the MI NF hearts exhibited ≈20% increased myocardial work in the RZ compared with sham ( Figure 4B ). In contrast, the MI CHF rats did not exhibit significantly increased myocardial work in the RZ, but rather at a comparable level as the shams ( Figure 4C ). In MZ and AZ, work was reduced in the MI CHF hearts compared with sham. The level of negative work was correspondingly increased in the MZ and the AZ. In RZ, work per mass was not significantly different between sham and MI NF , but reduced in MI CHF ( Figure 4F) .
Compared with the sham and MI NF groups, the wasted work was increased in the MI CHF hearts by 230% and 130%, respectively (Table 2) , signifying pronounced regional positive strain rate (ie, myocardial stretching) in systole.
Peak wall stress was not significantly different between the groups in the RZ and MZ; however, it was increased in both MI groups in the AZ ( Figure 4G ). Interobserver limits of agreement of ROC between the 2 observers were −0.2±1.3 mm (RZ), −0.2±1.5 mm (MZ), and −0.2 1.0 mm (AZ). Across these 12 animals, mean ROCs were 7.3 mm (RZ), 7.5 mm (MZ), and 7.1 mm (AZ).
Discussion
In the present study, we investigated in vivo regional function in the noninfarcted myocardium in 2 groups of post-MI rat hearts, nonfailing and failing. Assessment of post-MI regional function has been dominated by the analysis of deformation/ strain. [3] [4] [5] [6] [7] [8] In the present study, we provide a detailed analysis of regional myocardial work, which accounts for differences in loading conditions, and does therefore provide a more accurate representation of myocardial function than strain alone. 9, 10 We found that nonfailing MI hearts exhibited increased external work in the regions remote to the infarct compared with sham. In contrast, failing MI hearts demonstrated no such increase in work. Moreover, MI CHF exhibited a substantial reduction in external work in the region adjacent to the infarct compared with sham. This was primarily because of a considerable increase in regional negative work because of systolic stretching, which consumes positive work done by contracting regions.
Regional Strain
Our finding of reduced strain adjacent to the infarct is in line with previous studies. [6] [7] [8] Remote to the infarct, previous studies have reported both preserved [3] [4] [5] and reduced 6-8 strain in post-MI hearts. Many factors might be responsible for this difference, including differences between methodologies, time of investigation, differences between species, and different loading conditions. 6 We found that RZ strain was preserved in nonfailing hearts but reduced in failing hearts, underlining the importance of assessing the degree of heart failure when interpreting regional function in future studies. Our findings also indicate that longitudinal strain is a more sensitive parameter for evaluating disruption of regional function, in line with previous findings. 5 The average wall thickness was slightly higher in the AZ zone in the sham hearts (Figure 2) , reducing wall stress and work per mass. (6) 385 ( 
Regional Work and Stress
An infarction causes a loss of viable myocardium which, without sufficient compensation, will inevitably result in a reduced global pumping capacity. The function in the noninfarcted region of the myocardium is therefore critical. The existing literature reporting assessment of regional myocardial function is dominated by the analysis of deformation, which is load dependent. 9 Regional myocardial work accounts for loading and is therefore a more suitable measure of myocardial function than strain alone. 10 We found that the remote myocardium in the MI NF hearts did more work than equivalent regions in sham. This hyperfunction was not seen by strain analysis alone, illustrating the importance of accounting for load when investigating regional function. This is in agreement with our previously published results showing increased septal work in nonfailing post-MI hearts. 2 In the current study, we show that MI CHF in contrast did not exhibit any significant increase in RZ work.
In the zones closer to the infarct, regional work was substantially reduced in the MI CHF hearts. For the first time, we applied the concept of wasted work 23 in post-MI hearts. The increase in negative work in MZ and AZ and higher wasted work ratio in MI CHF hearts signify stretching of the myocardium during systole, also attested to by the reduction in strain coherence ( Figure 3C ). Consequently, a part of the positive work was wasted rather than being spent ejecting blood. 23 High wall stress is linked to disruption of T-tubule structure and calcium homeostasis. 24 In the AZ of the infarct animals where we observed contractile dysfunction, we found that systolic stress was elevated ( Figure 4G ).
For a subset of the animals in the present study, we have previously reported results from myocardial quantitative polymerase chain reaction measurements. 15 In that article, we found that both the nonfailing and failing animals exhibited increased level of molecular markers of myocardial remodeling and that the animals with heart failure had higher expression of collagen type I than nonfailing in the viable LV myocardium.
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Limitations
We only studied the hearts 6 weeks after induction of MI and provide only a snapshot of disease progression at that point. Our findings underline the need for further investigation on post-MI alterations in myocardial function and remodeling, both with respect to regional heterogeneity, temporal dynamics, and the connection to degree of cardiac dysfunction. Particularly, to elucidate the regional mechanical adaptation to MI and its link to global function, further longitudinal studies on post-MI remodeling are necessary. It is valuable to consider whether our observations are a result of variable intrinsic cardiac function or variable interaction with the peripheral circulation. When comparing myocardial work between the groups, we account for differences in pressure (including shape and peak of the pressure curves), which likely is the most prominent external factor affecting myocardial function. However, our data do not allow us to further elucidate the impact of other peripheral factors on regional myocardial function. Further studies are warranted to investigate the relative contribution of intrinsic and external factors on the observed dysfunction.
Our dichotomous approach does not allow us to capture the likely heterogeneity in regional function within the 2 groups.
It is worth noting that we measured regional contractile work only, hence we do not provide a direct measure of neither global nor regional myocardium metabolism. Isometric contraction and negative work also consume oxygen and likely We did not perform contrast-enhanced assessment of infarct size, but relied on identification of akinesia and wall thinning. This is the recommended approach for mice with permanent coronary artery ligation, in which long-term hibernation does not occur, 18 and exhibits excellent correlation to histology-measured infarct size in rats (r=0.97). 25 Like mice, rats also lack well-established collateral circulation. 26 Figure 1B shows an end-systolic image of an infarcted heart and illustrates the discernibility of the infarct.
Conclusions
We have investigated regional myocardial function in the post-MI rat heart with and without heart failure. Rats without congestion exhibited increased work in the noninfarcted myocardium, whereas heart failure was characterized by 2 different regional features: (1) lack of increased function in regions remote to the infarct, and (2) substantial loss of external work in regions adjacent to the infarct. Work analysis provided significant added value over strain analysis alone. Our findings elucidate the association between regional function and the degree of global cardiac dysfunction, as well the importance of accounting for load when investigating regional function. Figure 4 . Regional work. The total work done in the different regions was compared between the myocardial infarction (MI) groups and equivalently sized regions in the sham (A). Regional work done in remote zone (RZ) was increased in the nonfailing hearts compared with equivalently sized regions in the sham hearts (B), and negative work in adjacent zone (AZ) was slightly higher (D). In the failing hearts, the work was decreased in medial zone (MZ) and AZ (C) and negative work was higher in both MZ and AZ (E). In RZ, work per mass was not significantly reduced in the MI NF hearts (F). In contrast, work per mass was reduced in all zones in the failing (MI CHF ) group compared with both sham and nonfailing (MI NF ). The estimated peak systolic stress was not significantly different between the groups in RZ and MZ, but elevated in AZ in the myocardial infarction (MI) animals compared with sham. (G). (Values reported are mean with SE.)
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